The subsurface fatigue that occurs in the Ultra-High Molecular Weight Polyethylene (UHMWPE) hip joint cup has been identified to be correlated with the contact stress at that cup. This cup stress is known to be affected by the implant design, dimensions and materials. In this study, a 3D finite element modeling has been used to investigate the effects on the cup contact stress when using low stiffness Titanium alloy (Ti) as a femur head. Also, the effects on the cup contact stress due to using different sizes of femur heads, and the presence of metal backing shell with different thicknesses are studied. The finite element results show that the use of low stiffness Ti alloy femur head results in a significant decrease in the cup contact stress compared with Stainless Steel (SS) and Cobalt Chromium (Co Cr Mo) femur heads. The presence of metal backing shell up to 1 mm thickness results in a remarkable decrease in the cup contact stresses especially for small femur heads. Finally, the use of larger femur heads, up to 32 mm diameter, results in significant decrease in the overall predicted hip joint contact. The present results indicate that any changes in design and geometrical parameters of the hip joint have significant consequences in the long term behaviour of the artificial hip joint and should be taken into consideration.
INTRODUCTION
The artificial hip joint arthroplasty involves the replacement of the natural femoral head by a ball made of metallic alloy or ceramic material, and the acetabulum by a polymeric hemispherical lining (Figure 1 ) [1] . The longterm behaviour of the total hip joint replacement is dependent on obtaining low wear rate within the hip joint polymeric cup [2] [3] [4] [5] [6] [7] . The hip joint cup is usually made of UHMWPE due to its good mechanical properties and excellent biocompatibility [8] [9] [10] [11] [12] [13] . In some hip joint designs, and in order to stiffen up the UHMWPE cup and get a more even distribution of contact stresses over the entire surface of UHMWPE cup, metal backing shell has been inserted between the cup and pelvic bone. Also, this metal backing can help in avoiding the loosening of the artificial acetabulum that may be caused by the creep of UHMWPE cup [14] [15] [16] .
According to clinical results, there are lots of reasons that cause artificial hip joints failure. These include infection, dislocation, stem fracture, loosening, etc. The loosening due to the wear of polymeric cup has been considered as one of the main factors that affects the long-term stability of the total hip arthroplasty. It is believed that the production of wear debris may induce adverse tissue reaction that may lead to extensive bone loss around the implant and consequently osteolysis and implant loosening [7, 14, 17] .
It is known that under high stress levels in artificial hip joints, the UHMWPE cup subsurface fatigue contributes to the volume of wear debris. Since the fatigue process is influenced by surface stress levels, it is becoming increasingly important to reduce contact stress at the cup with the aim of reducing the UHMWPE cup wear debris volume [18] [19] [20] [21] . Previous studies indicate 
OPEN ACCESS
that the femur head dimensions and material, polymeric cup thickness and material, and metal backing shell thickness and stiffness are the most important factors that affect the contact pressure on the cup [22] [23] [24] [25] . Therefore, over the past few decades, different artificial hip joint designs have been demonstrated to modulate implant survival [26] [27] [28] . However, the combined effects of the hip joint design parameters on the resultant contact pressure on the polymeric cup are still unclear. Moreover, studying the combined effects of all these hip joint design parameters at the same time may result in modification of UHMWPE contact pressure, and affect the long term performance of the hip implant.
The present study attempts to improve the long term performance of the total hip joint replacement through using low stiffness Ti as a femur head. A 3D finite element modeling has been used to investigate the changes in the UHMWPE cup predicted Von Mises stress. This investigation is done by using low stiffness Ti alloy as femur head instead of traditional femur heads made of SS and Co Cr Mo for un-cemented hip joint under static loading conditions. Also, this study considers the effects of femur head dimensions on the resultant contact pressure at the hip joint cup in the presence of 0.1 mm radial clearance between ball and cup. The effects of the presence of a metal backing shell of different thicknesses on the UHMWPE contact stress will also be studied. The main aim of this study is to reduce the contact stresses at the UHMWPE cup that are thought to play an important role in the long term clinical performance of the artificial hip joint prostheses.
FINITE ELEMENT MODEL
In the present study, the 3D finite element models of the artificial hip joint prostheses are generated by using the finite element code ANSYS v12 [29] . This implicit nonlinear finite element code is used in this study because of its efficiency for linear and non-linear quasi-static simulation. Three different femur head geometries (22, 28 and 32 mm) are considered. The dimensions of femur heads, UHMWPE cups and metal backing shell are tabulated in Table 1 [30] . The pelvis is assumed to have a hemispherical shape with 42 mm thickness of cancellous bone [14] . Figure 2 schematically shows the hip joint model consisting of femur head, UHMWPE cup, different metal backing shells, and finally the pelvis bone.
In the first hip joint model, the artificial hip joint contains pelvic bone, and femur head with different materials and dimensions and their corresponding UHMWPE cups. The second model is similar to the first model except that metal backing shell with different thickness (0, 1, 2 and 3 mm) covers the cup. For all models, a radial clearance of 0 mm, 0.1 mm and 0.25 mm between the femur head and cup has been taken into consideration. A 3-D 20 node solid element (tetrahedron Solid 95) is chosen for modeling the hip joint assembly. This element is defined by 20 nodes that have three degrees of freedom at each node. This element has quadratic displacement behaviour and is well-suited to model regular and irregular meshes. Also, this element has the capability to accurately model the plastic deformation, creep, large deflecttion, and large strain that may occur during the simulation. The effects of mesh size and density on the predicted results are examined by increasing the number
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of elements until the predicted results become constant with increasing the mesh density. Figure 3 shows the predicted maximum Von Mises stresses induced on the UHMWPE cup for different femur head geometries and materials. The results indicate that the maximum Von Mises stress at the UHMWPE cup decreases significantly by increasing the femur head diameter for all types of femur head materials. With regards to the Ti alloy femur head, the stress at the cup decreases from 21 to 14 MPa when a femur head of 32 mm diameter is used instead of 22 mm. For SS femur head, the stress at the cup decreases from 25 to 18.8 MPa when the femur head of 32 mm diameter is used instead of 22 mm. Finally, for Co Cr Mo femur head, the stress at the cup decreases from 27 to 19.5 MPa when a femur head of 32 mm diameter is used instead of 22 mm. The significant decrease in the UHMWPE cup stress due to using larger femur heads can be attributed to the increase in the contact area between the femur head and the cup Five different materials are used in the present finite element simulation: New BETA type low-rigidity titanium alloy low elastic modulus of 58 GPa, fatigue strength of 700 MPa [31] , and Cobalt Chromium (Co Cr Mo) and Stainless Steel (SS) are used to simulate metallic femur heads due to their high strength and sufficient biocompatibility in clinical conditions. UHMWPE is selected to represent the cup material due to its relatively good wear resistance. The SS is used as the metal backing shell material due to its high strength. Finally, the pelvis, which is assumed as a hemispherical shape, is represented as a cancellous bone [14] . The materials of the hip joint components are assumed to be homogenous, isotropic and linearly elastic. The values of elastic modulus and Poisson's ratio of the hip joint materials are summarized in The hip joint model is fixed superiorly at the ilium, and a fixed load of 3 KN, which corresponds to 3 -5 times body weight, is applied at the femur head neck. This resultant load is based on the assumption that the body weight is 70 Kg. Other initial conditions like sex, age, activity, etc. are neglected [23] . The contact interface between the UHMWPE cup, metal backing shell, and pelvic bone is represented as completely bonded surfaces. On the other hand, the interface between the femur head and UHMWPE cup is simulated as a frictionless contact. which is inversely dependent on the femur dimension. According to the results above, it can be remarked that for 22 mm femur head, the values of maximum Von Mises stresses on the UHMWPE cup are 27 MPa, 25 MPa and 21 MPa for Co Cr Mo, SS and Ti head heads respectively. These values (except for Ti femur head) are higher than the yield strength of UHMWPE material which is around 23.5 MPa [10] [11] [12] [13] . The presence of such local higher stress zones will affect subsurface fatigue of the UHMWPE cup, which contributes to aspect joint loosening. For 32 mm femur head, the maximum values of Von Mises stress on the UHMWPE cup are less than its yield strength for all femur head materials.
Effects of Femur Head Dimension and Stiffness on the UHMWPE Stresses
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Also, it can be remarked from this figure that the resultant stresses on the UHMWPE cup decrease significantly when using Ti femur head instead of SS and Co Cr Mo. This decrease can be attributed to the low stiffness of Ti femur head compared to other femur heads. For 22 mm femur head, the resultant Von Mises stress on the UHMWPE cup decreases by 22% when using low stiffness Ti femur head instead of Co Cr Mo. For 32 femur head, the resultant Von Mises stress on the UHMWPE cup decreases from 19.5 MPa to 14 MPa when using Ti femur head instead of Co Cr Mo. However, the Ti alloy femur head with modulus equals 58 GPa results in a decrease in the UHMWPE cup Von Mises stress compared to other femur heads due to its high flexibility. This decrease in the UHMWPE contact stresses may lead to an improvement in the short and long term performance of the hip joint implant [17, 21] .
Effects of Metal Backing Thickness on the UHMWPE Stresses
The effects of the metal backing shell thickness on the predicted maximum Von Mises stresses on the UHMWPE cup are shown in Figure 4 . It can be noticed from the result that the stresses on the cup decrease due to the presence of SS metal backing up to 1 mm thickness. Beyond 1 mm thickness, the stresses at the cup reach a constant value and become independent of the metal backing thickness. There is no need to increase the metal backing shell thickness beyond 1 mm in the artificial hip joint system. However, the presence of metal backing results in a uniform distribution of Von Mises stresses at the UHMWPE cup. For 22 mm Ti alloy femur head, stresses at the UHM-WPE decrease from 21 to 19.9 and to 19.7 MPa when 1mm and 3 mm metal backing shell is used respectively. For the SS femur head, the cup stresses decrease from 25 to 23.5 and to 23.4 MPa when 1 mm and 3 mm metal backing shell is used respectively. Finally, for the Co Cr Mo femur head, the stresses at the UHMWPE cup decrease from 27 to 26 and to 25.8 MPa when 1mm and 3 mm metal backing shell is used respectively. Similar results have been obtained by Hia-bo J. [22] where the UHMWPE cup stresses decrease by 10% when using SS as a metal backing for Ti and Co Cr Mo femur heads.
Effects of Radial Clearance on the UHMWPE Stresses
It is known that the radial clearance between the femur and cup results in a decrease of both wear rate and fraction coefficient in the hip implant. Therefore, the hip joint designs include a radial clearance between the femur and the cup [17, 30] . Figures 5(a)-(c) shows the effects of the presence of a gap between the UHMWPE cup and femur on the resultant Von Mises stress on the cup for a different femur dimension and material. From (Figure 5(c) ). For 32 mm femur head, the cup stress increases from 19.5 to 31 MPa due to the presence of a 0.25 mm gap.
The results of Figures 5(a)-(c) show that the Ti, SS and Co Cr Mo femur heads have similar trends where the Von Mises stresses increase due to the presence of a gap especially at small femurs dimensions. The increase in the UHMWPE cup Von Mises stress due to the presence of a gap can be attributed to the decrease of the UHMWPE contact area that carries the joint load and hence the peak contact Von Mises Pressure increased.
Stresses at Bone
The relation between the resultant stress at the bone and femur head dimension and material is shown in Figure 6 . From these results, it can be remarked that the stress at the bone decreases by increasing the femur diameter due to the change in contact area. Also, the results show that the Ti alloy femur head results in lower stress at the bone compared to other femur heads. The presence of metal backing also results in lower stress at bone especially for a small femur head dimension. The decrease in bone stress due to the presence of metal backing can be attributed to the metal backing carrying part of the load transitted from the UHMWPE cup to the bone. m 
CONCLUSION
The Finite Element results show that the femur dimension, and material and presence of radial clearance between cup and head have significant effects on the resultant Von Mises stress at the polymeric cup. The use of Ti alloy with low stiffness as a femur instead of Co Cr Mo results in a decrease in the UHMWPE cup Von Mises stress by about 22% for non metal backed implant with 22 mm femur head. Also, the use of large femur dimension results in a significant change in the cup stresses. The use of femur with 32 mm diameter instead of 22 mm femur results in a decrease of the UHMWPE cup stress by 33%, 25% and 28% for Ti, SS and Co Cr Mo femur heads respectively. The Finite element results also indicate that the metal backing results in lower stress at the UHMWPE cup up to 1 mm thickness. Finally, the presence of radial clearance results in a significant increase in the stresses at the UHMWPE cup especially for small femur heads. Therefore, these factors should be taken into consideration in the design of the total hip joint replacement.
